dc Electric-field induced optical second-harmonic generation has been measured for CH 4 , CH 3 F, CH,F" CHF 3 , CF 4 , CC1F J , and CBrF J , For CH 4 and CF 4 the third order hyperpolarizability X (-2w; O,w,w) is obtained directly. For the other (dipolar) molecules, a bond additivity estimate for X{-2w; O,w,w) is used to extract the second order hyperpolarizability X (-2w;w,w).
I. INTRODUCTION
We wish to report measurements of dc electric-field induced optical second-harmonic generation in a selection of gaseous halogenated methanes-CH 4 , CHsF, CH 2 F 2 , CHF s , CF 4 , CClF s , and CBrF 3 • This process has been studied previously by Mayer et al. 1 ,2 in a number of molecules, including C~ and CHF s , among those of present interest. We have previously reported measurements in the inert gases. 3, 4 Second harmonic generation by microscopically centrosymmetric systems (such as inert gas atoms) can be observed in these experiments, only when a dc electric field is present. The effect may be described in terms of the radiation from a second-harmonic dipole moment p2w given by (1) where E W is an electric field with frequency indicated by superscript and x( -2w; 0, w, w) is a third order hyperpolarizability. (The conventions used here in defining hyperpolarizabilities are discussed in detail in Refs. 5 and 6.) For an individual dipolar (noncentrosymmetric) molecule the second order process (2) is also allowed, but is observed only by virtue of the permanent dipole moment I.J. interacting with the dc electric field to produce temperature-dependent, partial. alignment of the individual molecules. When no dc field is present, the radiation due to this process [Eq. (2) ] from the randomly-oriented molecules interferes destructively and is too weak to detect in these experiments. The third order process [Eq. (1)], of course, occurs for noncentrosymmetric as well as centrosymmetric molecules.
Our goal is to extract information on the hyperpolarizabilities X(-2w; 0, w, w) and X(-2w; w, w) from our experimental results and to compare this with other experimental and theoretical data.
II. EXPERIMENTAL
The experimental apparatus is the same as that used in previous work on the inert gases 3 and a schematic diagram is shown in Fig. 1 . A ruby laser provides about 1 MW of fundamental power (<p W ) at 6943 ' A which is brought to a focus in the gas under observation. A pair of cylindrical electrodes provides the dc electric field in the region of the focus. Second harmonic radiation at 3471 ' A is detected and the peak power (<p 2W) measured, after optimizing the gas density and laser beam confocal parameter for maximum harmonic generation. It is shown in Ref. 3 for the inert gases that, under these conditions, (3) where X(-2w; 0, w, w) is a particular element of x(-2w; 0, w, w). t::.k o is a measure of the optical dispersion and is related to the fundamental and harmonic wave vectors (k~, k~W) at STP by (4) For a dipolar gas, X(-2w; 0, w, w) must be replaced by an effective hyperpolarizability X e (-2w; 0, w, w) which includes contributions from both X(-2w; 0, w, w) and X(-2w; w, w) as discussed in Sec. I and in more detail in Sec. III. 1%. Data for the halogenated methanes are shown in Table 1 .
The signs of the measured hyperpolarizabilities are important in further analysis of the data (Sec. IV). We have measured relative signs by studying dc electricfield induced second-harmonic generation in various binary mixtures of gases. were of the same sign but zero harmonic generation if they have opposite signs. The experiment was then performed with the density of gas 2 fixed at P2 while that of gas 1 was varied in the range ° to 3P1' The results for mixtures of CHF 3 and CH 4 are shown in Fig. 2 together with the two alternative theoretical curves. Occasional failure of the data to follow either curve was traced to inadequate mixing of the gases. To determine the absolute signs for hyperpolarizabilities shown in Table I , we further assume that for argon the Sign of X (-2w; O,w,w) is the same as that of X (-w; 0, O,w) the Kerr coefficient. 9 This will be justified by arguments at the end of Sec. III which indicate that the sign and magnitude of these two hyperpolarizabilities should be approximately equal.
III. HYPERPOLARIZABILITIES IN THE MOLECULAR AND LABORATORY COORDINATE FRAMES
We wish to relate the measured, effective hyperpolarizability X e (-2w; 0, w, w) to the third and second order molecular hyperpolarizabilities X(-2w; 0, w, w) and X (-2w; w, w Kielich. 11 We outline the derivation here to introduce our notation and review the approximations involved.
The total molecular dipole moment at the second harmonic frequency is obtained by combining Eqs. (1) 
In the present experiments, there is negligible difference between applied and local fields. Also, it can be shown that intermolecular interactions may be neglected.
4 Thus the average of P7 w to yield Pf' is taken over orientations of molecules with a Boltzmann weighting factor according to the interaction energy of the molecular permanent dipole moment jJ. with the applied dc field E~. This classical approach is adequate for these molecules at ambient temperatures. The weakness of the alignment produced by the dc electric field allows expansion of the Boltzmann weighting factors to yield the result in terms of an isotropic orientational average (indicated by angular brackets < »:
where q, Fi is the direction cosine between the laboratory F direction and the molecular i direction. Averages of products of q,' s have been conveniently tabulated by Cyvin et al. 12 Comparing Eq. (8) with (7) we can separate the effective hyperpolarizability into third order and second order contributions:
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Harmonic generation in a mixture of gas 1 (CHF 3 ) and gas 2 (CH 4 l. The density of gas 1 is varied in the range 0 to 3P1 while the density of gas 2 is kept at P2. The values Pl and P2 are discussed in the text. The two theoretical curves are computed for two gases with Xe(-2w; 0, W, w) of the same sign (upper curve) and opposite sign (lower curve). The data in this instance clearly follow the lower curve. ( -2w; w, w) .
Note the subscript z on the second direction cosine in Eq. (11) which appears because the molecular z axis has been placed along the permanent dipole. Also in Eqs. (9) and (11) we are using the notation XFGHM (-2w;w, w) to indicate the linear combination of molecular hyperpolarizability elements with frequency labels (-2w; w, w) which contributes in an experiment when the induced dipole moment and the three applied fields are in the laboratory frame F, G, H and M directions respectively.
For spherically symmetric molecules, fJ. and X (-2w; w, w) are zero and there is no distinction among X~GHM x(-2w; 0, w, w), XFGHM (-2w; 0, w, w) , andXljkl (-2w; 0, w, w) since the laboratory coordinate frame can serve as an equivalent molecular frame for all molecules. Tetrahedral molecules are not centrosymmetric but have no dipole moments and the second order hyperpolarizability does not contribute to X e ( -2w; 0, w, w).
In Sec. IV, our results will be compared with data from the literature for two other processes, and it is convenient to display for them equations analogous to Eqs. (9), (10), and (11). Firstly, a mixing process with hyperpolarizability X(-2w +ws; -w s ' w, w), which has been investigated by Mayer et al., 2 differs from dc electricfield induced second-harmonic generation in that the dc field has been replaced by an infrared field with frequency w s' The infrared field varies too rapidly to align molecular dipoles so that the second order coefficient does not contribute to the process: Secondly, the Kerr effect has been studied by Bucking-· ham and OrriS and corresponding results for the first virial coefficient Ak are:
where No is Avogadro's number,
XXiJlk (-w; 0, 0, w) and
x Xijk( -W; 0, w). The isotropic averaging in Eqs. (10)- (15) imposes spherical symmetry on the laboratory frame coefficients so that X e (-2w; 0, w, w), for example, has only two nonzero independent components which may be chosen to be those with coordinate subscripts YYYY and YYXX. Each laboratory frame coefficient is a different linear combination of molecular coefficients as prescribed by Eqs. (10), (11), (12), (14), and (15). A molecular coefficient depends on the frequencies of the fields involved and is subject to restrictions imposed by molecular symmetry and (far from resonance) by permutation symmetry.14 A sweeping simplification occurs in the zero frequency limit (w, ws-O) . In this limit, the third order hyperpolarizabilities obey the relations Xyyyy(-2w; 0, w, w)= 3Xyyxx (-2w; 0, w, w) =Xyyyy (-2w +ws; -w s , w, w) = 3X y yxx( -2w + w s; -w s' w, w) =X K (-w; 0,0, w)= 1 '/6, (16) and Similarly for the second order hyperpolarizabilities:
Xyyyy w, w, w 
where I' and f3 are notations often used in the literature.
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We expect the zero frequency limit to be a useful approximation here since all applied field frequencies are small compared with the frequencies of excitations which dominate the linear optical properties of these molecules. Our experiments have given direct evidence of consistency with one feature of these predictions I Xhyy(-2w; 0, W, w)/3X~yxx(-2w; 0, w, w) -11 ~ 0.1 (18) Hereafter we shall not be directly concerned with YYXX components and the set of coordinate subscripts YYYY will be suppressed for brevity.
IV. RESULTS AND DISCUSSION

A. Third order hyperpolarizabilities
In the case of tetrahedral molecules (CH 4 , CF 4 , CCI 4 ) the dipole moment is zero and experiments yield the third order hyperpolarizability directly. Table IT shows results from dc electric-field induced secondharmonic generation (Mayer et al. 2 in addition to the present work), the Kerr effect (Buckingham and Orr 13 ) , and an optical mixing process (Mayer et al. 2) . The coefficients for different processes in a particular molecule can be seen to be equal to within about ± 20% which is the level of experimental uncertainty. Thus the data is consistent with the prediction of the zero frequency limit, Eq. (16).
Table n also shows estimates of x( -2w; 0, w, w) for the dipolar gases calculated using the bond additivity model. 15 In this model, a hyperpolarizability is ascribed to each bond from which the molecular hyperpolarizability can be determined by geometriC combination. Our experimental results for CH 4 and CF 4 and results for CCl 4 from Ref. (2) have been used to give the hyperpolarizabilities for CH, C F, and CCI bonds and, in turn, predict the third order hyperpolarizabilities for the dipolar molecules. In the case of CHF s , the reliability of the bond additivity estimate can be tested by comparison with the data of Mayer et al. 2 The third order hyperpolarizabilities have been shown to be consistent with the zero frequency limit. Thus the experimental value ofX (-2u.I+ws;ws,w,w) should provide a good estimate for X (-2w; 0, w, w) and is within 7% of the bond additivity estimate of the same quantity. We therefore believe that the bond additivity model provides estimates of third order hyperpolarizabilities which are good to within ± 15%.
B. Second order hyperpolarizabilities
For dipolar molecules, the experimental results depend on both third and second order hyperpolarizabilities [see Eq. (9)]. We therefore follow Buckingham and OrriS in using the bond additivity estimate for x ( -2w; 0, w, w) from Table IT and a knowledge of /.l to extract x (-2w; w, w) from the experiment. Values for x (-2w; w, w) derived in this way are shown in Table TIl together with uncertainties which include the experimental uncertainties in X e (-2w; 0, w, w) and an estimated uncertainty of ± 15% for the bond additivity value of X ( -2w; 0, w, w have derived X ( -2w; w, w) for CHF 3 (and for other molecules not of direct interest here) from the difference between X e (-2w;0,w,w) andX (-2w+ws;-ws,w,w) , assuming the latter is equal to X (-2w; 0, w, w) [see Eqs.
(9) and (12)]. This result is also shown in Table III Table TIl. For CHF 3 the present value and that of Mayer are in satisfactory agreement. However, as noted by Mayer, the result from the Kerr coefficient measurement is three times as large and of opposite sign. We find such a large deviation from the low frequency limit prediction of equality [see Eq. (17) ] to be surprising. The other experimental results show less striking disagreement. The theoretical values have the same signs as those from the Kerr measurements, but their magnitudes are all significantly smaller than any of the measured hyperpolarizabilities for the same molecule.
Comparison of the data from Table III with bond additivity estimates for the second order hyperpolarizabilities is shown in Table N . Again for CHF 3 , the value from the Kerr measurement shows surprisingly gross deviation from the predicted value. Buckingham and Orr13 have commented on the basis of their Kerr data: "The lack of agreement does not augur well for the success of a bond additivity approximation in predicting second order hyperpolarizabilities for molecules." We would be much more optimistic with only the second harmonic data as a guide, characterizing the bond additivity approach as useful but imprecise. A bond additivity approximation for second order hyperpolarizabilities is particularly attractive since it is an integral part of Levine's method 18 of calculation which has been so successful for a wide range of crystals.
The state of understanding of second order hyperpolarizabilities for the halogenated methanes as summarized in Table III is clearly not yet satisfactory.
We plan to refine our dc electric-field induced second- (-2w;w,w) XK (-w;O,w) Model CH3F harmonic data by measuring coefficients as a function of temperature. The experiment will then yield [see Eq.
(9)] both X(-2w; 0, w, w) and x(-2w; w, w) directly from the data for each dipolar gas without the need to use bond additivity estimates for the third order hyperpolarizabilities.
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